Ground observations have been used to study the ionosphere by pro viding electron density profiles and TEC distribution. In this paper, the existing ground and space facilities related to constructing the Constella tion Observing System for Meteorology, Ionosphere, and Climate (COS MIC) Project are reviewed. We show that these observations can be em ployed to validate results derived from COSMIC satelJites. In addition, the NCAR TIEGCM model is introduced to simulate ionosphere TEC during year of the solar minimum. The observations and simulations present a clear signature of the equatorial anomaly, in which the TEC shows a mini mum on the magnetic equator and a maximum on each side. Meanwhile, it is interesting to see that the value of TEC in June (Day 170) becomes weaker with the crests moving toward the geomagnetic equator.
INTRODUCTION
Ionospheric observations and research in Taiwan have been carried out for more than 45 years. Significant contributions to ionospheric physics and probing techniques have been achieved by the local scientists. In 2003, the National Space Program Office (NSPO) of the Republic of China plans to launch eight small low-Earth-orbit (LEO) satellites, each with an altitude of 700-800 km and an inclination angle of 70° -80°, and there will form a constella tion observing system for meteorology, ionosphere, and climate (COSMIC). This project will both stimulate ionospheric research in Taiwan and allow it to play a leading role in the world wide scientific community.
Three instruments -the Global Positioning System (GPS) receiver, Tri-Band-Beacon 350 TAO, Vol. 11, No. J, March 2000 (TBB) , and Tiny Ionospheric Photometer (TIP) -will be mounted on each of the COSMIC satellites to observe the atmosphere and ionosphere. The inversion techniques, observations, and applications of the three instruments can be found in the papers of the current issue. There fore, this paper reviews the ground/space base observations and modeling study related to the COSMIC project, and their applications to the equatorial anomaly ionosphere.
HISTORY
Ionospheric observation and investigation in Taiwan However, the observation was discontinued in August 1976 because the satellite drifted out of the viewing region of Observatory. The TEC observation was resumed in March 1977 when the VHF beacon signal from the Japanese ETS-2 geostationary satellite became available. In addition to the geostationary satellite, in 1984 the measurement of TEC by means of the tech nique of differential Doppler frequency shifts of 150 and 400 MHz coherent radio waves from U.S. Navy Navigation Satellite System was also established. The scintillation and/or deple tion of TEC may occur if the path of radio wave between satellite and ground-based receiver contains electron density irregularities. Therefore, the behavior of ionospheric irregularities can be studied using the phenomena of scintillation and depletion of TEC. Liu et al. (1996) introduced a procedure to derive the ionosphetic TEC from measurements of the Global Posi tioning System (GPS) receivers.
ELECTRON DENSITY PROFILE
Most of our knowledge of the ionosphere comes from remote sensing by radio waves. The conventional equipment for measuring the virtual height of the ionosphere is a sweep frequency pulsed radar device called an ionosonde. The measurement of the frequency virtual height variation of the ionosphere obtained by an ionosonde is called an ionogram.
An ionogram displays the variation of the virtual height of reflection with frequency, where the virtual height is equivalent to one-half the time-of-flight of the transmitted radio wave times the speed of light c. However, a vertically incident radio wave pulse is affected by the ionospheric refractive index µ and travels upwards with a group velocity u= µ c, until it is reflected at some height h 0 , where µ=O, and returns to the ground. The height h0 is called the "true height" (or "real height") of the reflection. Note that at ground level the true height h=O and the refractive index µ = l. The relation between the virtual height and the true height is given by:
where h' and/ represent the virtual height of reflection and the frequency of radio waves;
= 11 µ is the group refractive index; N and B are the electron density and geomagnetic field strength, respectively, at a certain true height h.
Electron density profiles can provide detailed information about the variation of the iono sphere and the effect of those variations on radio wave propagation. From the Appleton Hartree formula (see Buden, 1985) and the integral equation (1 ), it can be seen that the behav ior of virtual heights displayed in an ionogram are not consistent with the true distributions of the ionspheric electron density. Therefore, it is desirable for the scientist in the ionospheric community to obtain the vertical structure of electron density retrieved from the virtual height. Three existing true height analysis routines PLOAN (Tritheridge, 1985) , Polynomial Fitting and ARTIST (Reinisch, 1996) are available to derive electron density true height profiles. A true height profile can be compared with a co-located electron density profile simultaneously obtained from the GPS receivers of the COSMIC satellite. Figure 1 shows a typical ionogram obtained during the night by the Digital Portable Sounder (DPS) at National Central University, in which the discrete curves marked by red and green dots are, respectively, the traces of ordinary and extraordinary waves. As indicated, the virtual height of the F region is about 240 km and a salient sporadic E layer located at an altitude of about 100 km is also observed.
THE GPS/MET PROFILE
The GPS receivers mounted on the COSMIC satellites receive the signals transmitted from the GPS satellites orbiting the Earth at an altitude of approximately 21,000 km. The Frequency (MHz) occultations occur as the COSMIC satellites rise or fall relative to the GPS satellites. Under these circumstances, the GPS signals received by COSMIC satellites are bent at a small angle as they passe through the terrestrial atmosphere. The refractive index of the atmosphere can be retrieved from the bending angle via the Abel integral transformation under the appropriate assumptions (for details, see Hajj et al., 2000) . Once the atmospheric refractivity has been obtained, the profiles of pressure, temperature, humidity, and the ionospheric electron density at about 200 m height resolution and about 300 km horizontal resolution, can be calculated. The Global Positioning System/Meteorology (GPS/MET) Program is the first experiment us ing a low Earth orbiting (LEO) satellite (MicroLab I) to receive Multi-channel GPS signals, which demonstrate active limb sounding of the Earth's atmosphere and ionosphere by radio occultation techniques. Figure 2 shows th e plots of electron density profiles acquired at 0139 LT on 15 October 1995 from GPS/MET data and ionograms recorded by the NCU DPS. The profiles of the lower part of the ionosphere obtained by the two techniques generally yield a similar tendency. The difference between the two might result from asymmetry structure in the equatorial anomaly region for the occultation reconstruction and errors in the true height analysis.
The upper part of the electron density profile cannot be observed using ionosonde, and therefore requires another kind of sounding technique, such as incoherent scattering radars or Fig. 4 . The signal amplitude is color coded, with the horizontal axis representing the sounding frequency and the vertical one the virtual height calculated downwards from the satellite height. The presence of the groundbased DPS vertical sounder gave the wonderful opportunity to recon struct the total vertical profile of electron concentration from the ground to space station height, including the most interesting main maximum of the electron concentration. The correspond ing bottomside ionograms are presented in Fig. 5 . Taking into account the difference in longi tude (local time), the critical frequencies practically coincide, which confirms the validity of the topside sounding technique. ionograms is still subject to discussion. The MIR station gives the perfect opportunity to check the validity of topside profiles calculation algorithm because of two factors: a) the low altitude of the MIR station orbit makes the profiles short and calculations more simple and precise; b) again due to the low altitude sometimes the station will fall directly into the peak of electron concentration, and hence the peak height and peak electron density could be deter-mined from the in situ measurements. This situation occurred twice during MIR station passes received at Chung-Li. Taking into account the ab ove discussion, it is interesting to compare the calculated topside and bottomside vertical profiles of electron concentration. For this purpose the topside profile measured by MIR close to the latitude of Chung-Li (24.9°N) was selected. The latitude of the MIR station during the sounding for comparison was 25.1°N. The composed topside-bottornside profiles are presented in Fig. 6 . The topside profile calculation was made using the improved Jackson algorithm of topside profile reconstruction (Jackson, 1969) . One can see the perfect coincidence in peak electron concentration observed by both techniques. We can regard this comparison as a check-point and further use the topside profiles both to determine the electron concentration and peak height values along the station pass and to determine the equatorial anomaly shape and the crest position.
ELECTRON DENSITY MAP
The GPS consists of 24 satellites evenly distributed in 6 orbital planes around the globe at an altitude of about 20200 km. The observables depend on the satellite-receiver distance, tropospheric/ionospheric effects, satellite and receiver clock offsets and phase ambiguities, as well as satellite and receiver instrumental biases. There will be a bias for each of the two GPS frequencies (fl = 1575.42 MHz and f2 = 1227.60 MHz) and their difference, henceforth re ferred to as differential instrumental bias, produces systematic instrumental errors in the esti mates of ionospheric delays. These differential instrumental biases must be removed (Sardon et al., 1994) in order to obtain accurate estimates of the ionospheric TEC. 
I-"
The propagation of GPS signals is affected by both the environment and instruments. Therefore, GPS pseudorange P' kJ and carrier phase L'kJ for frequencies 1 and 2, in range units, can be expressed as follows:
Pi'. j = s�.j + d}nn, l,j + d:r op,j + c( r ; -rj) + d�,! + dq,l,j + d} · e,1,j , 
The subscripts i and j represent the satellite and ground-based GPS receivers, respectively, s 0 , the true distance between the receiver and satellite;
, the ionospheric and tropospheric effects;
10n trnp c , the speed of light in free space;
't , the satellite or receiver clock offset;
d , the instrumental bias of the satellite or receiver;
other bias;
A , the carrier wavelength; <j> , the total carrier phase between the receiver and satellite; and b , the cycle slips of the carrier phase.
The ionosphere acts as a dispersive medium for the GPS signals, but the troposphere is nondispersive. As such the tropospheric effect in the carrier phase and pseudorange can be removed by subtracting (2a) from (2b) and (2c) from (2d), respectively. According to the Appleton formula (for an example see Budden, 1985) the phase refractive index n in the iono sphere is a function of the radiowave frequency, electron concentration (or plasma frequency), collision frequency and geomagnetic field strength (or gyrofrequency). In fact, however, the GPS radiowave and plasma frequencies are much greater than the other two. Hence, the io nospheric effect in terms of the total electron content along a line-of-sight, TEC* in electron/ m 2 , between ground receiver R and the satellite T can be written as
where di is the infinitesimal length of the path of the radiowave propagation, s ' is the virtual distance between the receiver and satellite, N is the electron concentration in electron/m3, and f represents radiowave frequency in Hz. Substituting (3) into (2a), (2b), (2c), and (2d) yields TEC'=-1 -fi2f22 (P;.�P;-k;-k.) and (5)
Wilson et al. (1992) and Sardon et al. (1994) found ki to be about 2-3 nanoseconds which leads to a value as small_ as 8 x 1016 electron/m 2 . Nevertheless, two tables given by Wilson et al. (1992) and Sardon et al. (1994) were employed to redeem the bias of k.. To determine k, (1995) applied (4) to the measurements from a generic GPS receiver to obtain the TEC*, and then compared it with the simultaneous data recorded by the local TECMETER during 0400-0500LT (Ezquer et al., 1992) . In doing so, he found that the value of k. for each GPS J receiver is nearly constant. Although (4) can solely and directly derive the TEC, due to the length of the pseudo code, the precision of the TEC* is relatively low. The alternative way is to combine (4) and (5) to obtain the least-square-fit value of A ' ., and then to utilize (5) to attain J greater precision of the TEC*. As a LEO satellite passes from the horizon to zenith, the TEC* can be obtained as men tioned above. However, it has been found that it is useful to mathematically adjust the TEC* to the TEC observed at the subionospheric point which is referred to as the vertical total elec tron content, VTEC: VTEC = TEC* S(e).
In (7), S(e) is the slant function given by Saver and Fanselow (1987):
h i-� where e is the satellite elevation, h 1 and h 2 are, respectively, the lower and upper heights of the ionosphere, and R is the mean radius of the Earth. It should be noted that the function S basically depends on the height of the mean layer of the ionosphere, h m = (h 1 +h 2 )/2. Davies (1990) indicated that h could lie between 300 and 450 km, while Holfmann-Wellenhof et al.
111
(1992) considered it should be limited between 300 and 400 km. For simplicity, Sardon et al. (1994) assumed h m to be 355 km. Based on the results in Wu (1992) , the present authors find h m in the Taiwan area during 1993 and 1994 to be about 325 km. In total, forty to sixty VT ECs can be obtained for a network with 8 ground GPS receivers operating simultaneously (5-8 VTECs for each ground site). Accordingly, such a network can ultimately be capable of making a "snapshot" (scan) of the longitudinal/latitudinal (time/latitudinal) TEC distribution in the Taiwan area, thereby constructing a TEC map.
A sequence of the snapshot of the TEC maps with a 30-sec time resolution was produced. Figure 7 shows the latitudinal distributions of the electron density and TEC respectively, as deduced by the MIR space station and the ground based GPS network, yield an excellent agreement.
To study the behavior of the development of the equatorial anomaly crests, the time and latitudinal distribution of the ionospheric TEC was considered. Two ground-based GPS sta tions, YMSM (25.2°N, 121.6°E; 14.0°N geomagnetic) and DGAR (7.3°S, 72.4°E; 16.2°S geomagnetic) were employed to observe the variations of northern and southern equatorial anomaly regions, respectively. To minimize time shift and neglect unwanted errors, the cut-off elevation angle for each GPS receiver were set at 20°.
Figures 8 and 9 illustrate the monthly contour charts of YMSM and DGAR from January to December 1997, respectively, where 1TECu=1016 m·2• These figures show the month-to month variations in magnitude and locations of the equatorial anomaly crests. Figure 8 illus trates how the minimum values of the equatorial anomaly crest appear in January and July, while the maximum values appear during March-May and October-December. Note that the chart of YMSM in December 1997 may not be very reliable due to the small number of data points recorded. Nevertheless, in general it can be seen that the location of the crests moves northward as the magnitude becomes stronger. The variations of the TEC value in Fig. 9 are almost the same as those in Fig. 8 but the location of the crests shown in Fig. 9 moves north ward as the magnitude of TEC becomes weaker, especially during June-August.
MODELING STUDY
The NCAR TIEGCM is a well-known general circulation model most recently described by Richmond et al. (1992) and references therein. This model is a three-dimensional time dependent model which self-consistently calculates the coupled thermosphere and ionosphere, including electric potential, fields, and currents. It solves the density of major constituents (N2, 02, and 0) as well as some minor constituents (N(2D), N(4S), and NO), as well as solving ,.
-;� .
,;:� The input parameters of the global model are the solar UV, EUV radiation, the auroral precipitating particle flux, the electric potential in the polar caps, and, at the lower altitude boundary, the upward propagating atmospheric tides into thermosphere. The model repre sents the effects of the diurnal (1,I) mode and the semidiurnal (2,2), (2,3), (2,4), (2,5), and (2,6) modes (e.g., Fesen et al., 1991; Forbes et al., 1993) . All the input parameters in the model are adjustable so that the model can simulate the thermosphere and ionosphere in dif ferent space weather conditions.
A quick run of the TIEGM model was carried out to examine the total electron contents during geomagnetic quiet time were done for solar cycle minimum conditions (see Fig. 10 ) which allow us compare with the results obtained by the YMSM and DGAR GPS receivers. Figure 10 shows the slab electron contents in various altitude ranges during March (Day 80), June (Day 170), September (Day 260), and December (Day 350). The clearest crest structures appear at the 300-350 km slab electron contents. It can be found that in June (Day 170), the magnitude of the TEC becomes weaker and the crest moves toward the geomagnetic equator. This generally agrees with the observation from YMSM and DGAR.
SUMMARY
The ground observations of ionosphere related to the COSMIC Project in Taiwan are reviewed. Instead of technical developments, we apply the existing techniques to deduce the vertical and horizontal electron density distributions. It is found that bottom/topside ionosonde observations can be employed to validate the vertical density profiles derived by GPS/MET and COSMIC satellites. Regional and global networks of the ground based GPS receivers are useful to check the horizontal structures of the ionospheric electron density and the TEC ob served by the GPS/MET satellite. A suitable ionospheric model, such as TIEGCM, provides information on electric potential, fields, currents, atmospheric constituents, electron and ion density, neutral winds, plasma drift, temperatures, among others. The 3-D distribution of electron density can also be obtained from the data estimated by COSMIC GPS occultation in the ionosphere using tomography techniques. Comparisons between COSMIC observations and modeling studies provide an understanding of the structure and dynamics in the iono sphere.
